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Edited by Miguel De la RosaAbstract The single mutants (F165A, E192A, F196A, S392A,
T393A) at and near the main hinge (b-strand L) of human 3-
phosphoglycerate kinase (hPGK) exhibit variously reduced en-
zyme activity, indicating the cumulative eﬀects of these residues
in regulating domain movements. The residues F165 and E192
are also essential in maintaining the conformational integrity
of the whole molecule, including the hinge-region. Shortening
of bL by deleting T393 has led to a dramatic activity loss and
the concomitant absence of domain closure (as detected by small
angle X-ray scattering), demonstrating the role of bL in func-
tioning of hPGK. The role of each residue in the conformational
transmission is described.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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3-Phosphoglycerate-kinase (PGK) is a typical hinge-bending
enzyme. The present study is underlined by the currently re-
newed interest in the structural changes involved in protein
function [1,2]. PGK catalyzes the phospho-transfer from 1,3-
BPG to MgADP producing 3-PG and MgATP during glycol-
ysis. One of the two substrates, 3-PG [3] or 1,3-BPG binds to
the N-domain, while the nucleotide substrate, MgATP [4] or
MgADP [5] binds to the C-domain. There are several lines
of evidences that domain closure is required for catalysis. In
the well-structured interdomain region the b-strand L was as-
signed as the main hinge of PGK [6] (Fig. 1A). Involvement of
bL in a substrate induced double sided H-bond network ap-
peared to be a plausible mechanism of operation of this hinge
[7]. The atomic contacts (H-bonds) of the conserved Ser andAbbreviations: AMP-PNP, b,c-imido-adenosine-50 triphosphate; 3-PG,
3-phosphoglycerate; 1,3-BPG, 1,3-bisphosphoglycerate; CD, circular
dichroism; DSC, diﬀerential scanning calorimetry; Nbs2, Ellmans
reagent, 5,5 0-dithiobis-(2-nitrobenzoic acid); PGK, 3-phospho-D-gly-
cerate kinase (EC 2.7.2.3); hPGK, human PGK; SAXS, small angle X-
ray scattering
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doi:10.1016/j.febslet.2008.03.016Thr side-chains of bL, indeed, vary during transition from
open to closed conformation (Fig. 1B). Thus, one can assume
an essential role of these side-chains in operation of bL. In or-
der to test this hypothesis, we have replaced these and the sur-
rounding side-chains into Ala. In previous mutagenesis studies
with yeast PGK the role of the salt bridge between E192 and
H390 (hPGK numbering, Fig. 2) has been probed in this re-
gion and found not to be responsible for domain closure [8].
Among the present mutants we have also produced E192A
and in its surroundings F165A and F196A in order to test
the importance of their hydrophobic contacts in the interdo-
main region. The residue F196 is not fully conserved, but it
has a hydrophobic nature in all sequences (e.g. Leu in Thermo-
toga maritima PGK, shown in Fig. 2D). Proton NMR investi-
gation of F196L and F196W mutants [9] revealed the
importance of F196 for the mobility of the interdomain region.
We also produced a double mutant (S392A–T393A) to test the
cumulative eﬀects of the mutations, as well as a deletion mu-
tant (T393del) to probe the requirement of the complete bL se-
quence for domain closure. The mutants of hPGK were
characterised in functional (enzyme kinetic, substrate binding)
and in structural (CD, DSC, SAXS) investigations. The results
supported the assumption that bL operates as the main molec-
ular hinge of PGK. The role of each investigated residue in
mediating the domain movement is described.2. Materials and methods
2.1. Chemicals
Na-salts of 3-PG, ATP and ADP were from Boehringer. The sub-
strates MgATP and MgADP were formed by mixing MgCl2 (Sigma)
and ATP or ADP, respectively, as described earlier [4]. NADH, NADP
and glucose were from Sigma. 1,3-BPG was prepared as described by
Furﬁne and Velick [11]. Isopropyl b-D-thiogalactopyranoside (Fer-
mentas), chloramphenicol and ampicillin (Sigma) were used for the fer-
mentation. Primers were produced by Invitrogen. The Ellmans reagent
(Nbs2) was from Serva.
2.2. Enzymes
The hPGK was produced, puriﬁed and stored as described previ-
ously [10]. Concentration of hPGK solution was determined using
e280 value of 27960 M
1 cm1. Auxiliary enzymes were from Sigma.
2.3. Site-directed mutagenesis
Residues 165, 192, 196, 392, 393 and 398 of hPGK were mutated
into Ala using QuikChange site-directed mutagenesis kit (Stratagene).
The mutations were checked by DNA sequencing.blished by Elsevier B.V. All rights reserved.
Fig. 2. Details of the main hinge-region of PGK. The atomic interactions in the closed conformations of the ternary complexes of MgADP*3-PG of
Trypanosoma brucei ([17], panels A and B) and of MgAMP-PNP*3-PG of Thermotoga maritima ([18], panels C and D) are illustrated. 3-PG and the
nucleotide are shown by blue and green ball and stick models, respectively. The atomic contacts formed upon 3-PG and nucleotide binding are
illustrated by arrows with the respective colours. Other structural parts of the proteins are coloured as red and orange for Trypanosoma brucei (panels
A and B) and Thermotoga maritima (panels C and D) PGK structures, respectively. Side-chains are numbered according to the hPGK sequence. The
mutated side-chains are highlighted by grey stick models. The permanent interactions are shown by dashed black lines. The H-bonds formed only in
the ternary complexes are indicated by black double-sided arrows.
Fig. 1. bL operates as the main hinge of PGK. The Ca traces of the molecules of open conformation of the 3-PG binary complex of pig muscle (blue,
[3]) and the closed conformation of MgADP*3-PG ternary complex of Trypanosoma brucei (red, [17]) PGKs are superimposed according to the core
b-sheets of the C-terminal domain. The bL and a14 in both structures are highlighted by ribbons, the substrates and certain side-chains are shown by
stick and ball and stick models, respectively. In panel (B) the details around bL are enlarged.
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The measurements were carried out with Jasco 720 spectropolarim-
eter in both far (200–260 nm) and near (260–350 nm) UV regions. The
spectra were measured at 20 C, using 0.1 and 1 cm path length cells, at
0.009 and 0.056 mM (0.4 and 2.5 mg/ml) protein concentrations,
respectively.
2.5. Diﬀerential scanning calorimetry (DSC) experiments
The measurements were carried out in a MicroCal VP-DSC type
microcalorimeter (MicroCal Inc.) with a cell volume of 0.51 ml, at con-
stant scan rate of 1 K/min. In all experiments carefully degassed solu-
tions of 0.003 mM (0.13 mg/ml) protein were used. The data were
analyzed using MicroCal Origin 5.0 software.
2.6. Enzyme kinetic studies
The activity of hPGK was measured as described earlier [10]. For the
reaction with the substrates 3-PG and MgATP the rate equation
describing activation by the excess of the substrate [12] was used for
analysis of the data. Activity measurements with the substrates 1,3-
BPG and MgADP were analysed using the Michaelis–Menten equa-
tion. All kinetic experiments were carried out at 20 C in 20 mM
Tris/HCl buﬀer, pH 7.5, containing 1 mM dithiotreitol.
2.7. Thiol-reactivity studies
The time courses of thiol modiﬁcation of PGK were followed using
Nbs2 as described earlier [13].
2.8. SAXS measurements and data processing
Synchrotron radiation X-ray scattering data were collected on the
X33 beamline at the Hamburg EMBL Outstation [14] as described ear-
lier [7]. Solutions of hPGK of 0.1–0.3 mM (5–15 mg/mL) in the storage
buﬀer, and the ternary complexes with 3-PG (10 mM) plus MgATP
(10 mM) were measured using a MAR345 Image Plate at a sample-
detector distance of 2.4 m and wavelength of 1.5 A˚, covering the
momentum transfer range 0.012 < s < 0.45 A˚1 (s = 4psin(h)/k, where
2h is the scattering angle). The data were processed by PRIMUS [15]
and the scattering patterns from the atomic models of the X-ray coor-
dinates were computed using CRYSOL [16].
2.9. Molecular graphical analysis
For the analysis of PGK structures (pdb codes: 13PK (Trypanosoma
brucei PGK*3PG*MgADP [17]) and 1VPE (Thermotoga maritima
PGK*3PG*MgAMP-PNP [18])) the Insight II (Biosym/MSI, San Die-
go, CA) software was used. The limiting values for H-bond, hydropho-
bic and ionic interactions are considered to be 3.5, 4.5 and 4.0 A˚,
respectively.T
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n3. Results and discussion
3.1. Eﬀects of mutations on the catalytic eﬃciency of hPGK
The present mutations of hPGK had no any or only very
slight eﬀects on the binding (Kd) of each substrate (not shown),
as tested by the method, previously elaborated by us [10], but
the kinetic parameters are much more aﬀected (Table 1).
Among the single Ala mutants T393A exhibited the largest
(about two orders of magnitude) loss in the catalytic eﬃciency
(kcat/Km) compared to the wild-type enzyme. This indicates the
importance of T393 in operation of the assumed hinge at bL.
Furthermore, the single mutants of S392, F165, E192 and
F196 possess variously diminished catalytic eﬃciencies, thus
cumulative eﬀects of these residues can be assumed. The dou-
ble mutant S392A–T393A accumulates the properties of both
single mutants of S392A and T393A, in accordance with the
assumed cumulative eﬀects. Only the catalytic eﬃciency of
S398A is comparable to that of the wild-type hPGK.
The results with T393A mutant support the previous sugges-
tion about the role of T393 in communication between the do-
mains. It was observed in PGK X-ray structures, containing
1338 J. Szabo´ et al. / FEBS Letters 582 (2008) 1335–1340bound 3-PG, that the side-chain of R38, besides participating
in 3-PG binding, creates a contact with T393, either with the
backbone of T393 [3,17] (Fig. 2A) or with the side-chain itself
[18] (Fig. 2C). This is a plausible way of communication be-
tween the two domains and of the transmission of the confor-
mational eﬀect of 3-PG from its binding N-domain to the
hinge at bL, as illustrated by the blue arrows in Fig. 2A and
C. The greatly decreased kcat of T393A and its increased Km-
value for 3-PG clearly support the participation of T393 in this
process. The route of communication is through R38, which
transmits the eﬀect of 3-PG to T393, located in bL. According
to the X-ray pictures (Fig. 2A and C) S392 is also involved in
the transmission of 3-PG eﬀect, in agreement with the in-
creased Km-value of S392A for 3-PG.
In contrast, removing the side-chain of S398 does not signif-
icantly modify the catalytic eﬃciency, thus the assumed role of
this side-chain in operation of the main hinge can be excluded.
This result also reveals that the S392–S398 contact (observed
only in the X-ray structures of the PGK containing bound
ADP [5,17] (Fig. 2A and B)) is irrelevant in respect of function-
ing.
Besides T393, the side-chains of F165, E192 and F196 are in-
volved in operation of the hinge, since their mutations led to
substantial decrease of all the kcat/Km values (Table 1). The
Km values for 3-PG is better increased than those for MgATP,
thus, these residues may better contribute to mediating the 3-
PG caused conformational eﬀect towards bL. Fig. 2B and D
depicts the structural details of this transmission from the 3-
PG binding site to the bending region. 3-PG is linked to a5
through the interaction of its 3-phosphate with R170 and the
conserved F165 of a5 interacts with E192 of a7 of the interdo-
main region in all known PGK structures. Furthermore, E192
interacts permanently with the side-chains of S392 and H390,
the constituting residues of bL. Thus, E192 and F165 are
key residues in transmitting the eﬀect of 3-PG towards theFig. 3. Eﬀect of mutations on thermal stability (A) and thiol reactivity of hPG
T393A (), T393del (.), S398A (,), E192A (h) and F165A (n) mutant hPG
(dotted line), E192A (h) and F165A (n) mutant hPGKs with 0.05 mM Nbs
10 mM 3-PG: E192A (j) and F165A (m). The number of reacted thiol-group
plotted against the reaction time.main hinge. Besides, E192 and F165 are also key residues in
maintaining the structural integrity of the whole PGK mole-
cule (cf. below).
We have also prepared a deletion mutant with lacking of the
residue T393 that caused a dramatic activity loss. This under-
lines the importance not only the side-chain of T393 itself, but
also the proper shape and length of the bL in the catalytic
function, too. The deletion caused at least four orders of mag-
nitude loss in the catalytic eﬃciency, but the interaction with
the substrates has not been changed. Thus, bL has no direct
role in substrate binding, but its intact main-chain is essential
for the function. These ﬁndings, clearly support our previous
hypotheses [6,7] about the role of bL in functioning of PGK.
3.2. Eﬀects of mutations on the structural integrity of hPGK:
calorimetric and thiol-reactivity studies
To detect any eﬀect of mutations on the enzyme structure
and stability, CD and DSC measurements were carried out.
While CD spectra did not indicate any substantial change in
the secondary structure of either mutants compared to the
wild-type enzyme (not shown), the calorimetric melting curves
detected destabilization eﬀects upon mutations of F165A and
E192A (Fig. 3A). In both cases the melting temperatures de-
creased by about 5 K and the transition curves exhibited less
cooperativity. In agreement, loosening of the whole protein
structure of F165A and E192A mutants was indicated by an
increased reactivity of their buried thiol-groups (Fig. 3B).
The hPGK possess two fast-reacting and ﬁve slow-reacting
buried thiols [13]. The reaction of the slow-reacting thiols is
limited by a ﬁrst-order conformational change, which becomes
remarkably faster for both mutants of F165A and E192A
(Fig. 3B). Multiple interactions of F165 and E192 (Fig. 2C
and D) make the above ﬁndings understandable. Substrates
can counterbalance the loosening eﬀects by mutations, as
indicated by regaining the diminished reactivity of theK (B). DSC heat transition curves of the substrate-free wild-type (d),
Ks are shown in panel A. In panel B, the reaction of 9 lM wild-type
2 was followed. The mutants were also investigated in the presence of
s per mole hPGK was calculated using e412 of 14150 M
1 cm1 [13] and
Table 2
Comparison of SAXS experimental parameters with those of the crystallographic modelsa
SAXS experiments Discrepancy values between the scattering from crystallographic models and experimental data
Investigated PGK
forms
Rg (experimental) (A˚) Open crystal structures Closed crystal
structures
GNOM
method
Guinier
method
Pig PGK
(no ligand)
Bs PGK
MgADP binary
Pig PGK
MgATP binary
Pig PGK
3-PG binary
Tm PGK
ternary1c
Tb PGK
ternary2c
Wild-type 22.5 ± 0.5 23.0 ± 0.2 6.14 6.04 4.66 5.31 2.25 1.61
E192A 23.7 ± 0.3 23.9 ± 0.2 2.89 3.01 1.99 2.27 2.79 3.43
S392A 23.8 ± 0.2 24.1 ± 0.3 1.45 1.78 1.68 1.43 2.44 2.40
T393A 23.7 ± 0.3 24.0 ± 0.2 2.77 3.72 2.35 2.11 2.93 2.94
S392A–T393A 23.9 ± 0.2 24.1 ± 0.2 2.71 3.99 2.51 1.97 3.55 3.76
T393del 23.8 ± 0.2 24.1 ± 0.3 1.27 1.45 1.29 1.28 1.83 1.95
S398A 22.7 ± 0.3 23.0 ± 0.2 3.99 4.02 3.25 3.45 1.96 1.40
Rg (theoretical) (A˚)
b 24.25 24.34 24.02 23.97 23.26 22.64
Molecular mass (kDa)b 43.7 43.2 43.6 43.8 43.7 45.3
aThe minimum values of discrepancy (in bold) indicate the best correlation between SAXS data and crystallographic model.
bRadius of gyration (Rg) and molecular mass of the high resolution models as retrieved from the PDB. PDB codes: 1PHP for Bacillus
stearothermophilus (Bs) PGK*MgADP, 1VJC for pig PGK*MgATP, 1VPE for Thermotoga maritima (Tm) PGK ternary and 13PK for Trypanosoma
brucei (Tb) PGK ternary complexes. The PDB co-ordinates of pig substrate-free structure and PGK*3-PG binary complex [3] were obtained from the
authors.
cTernary1 and ternary2 denote MgAMP-PNP*3-PG and MgADP*3-PG ternary complexes, respectively.
J. Szabo´ et al. / FEBS Letters 582 (2008) 1335–1340 1339slow-reacting thiols upon substrate binding to these mutants
(Fig. 3B) and by the fact that both mutants exhibit relatively
good catalytic activities (Table 1).
3.3. Eﬀects of mutations on the substrate-caused domain closure
of hPGK: SAXS experiments
We have tested how the mutations inﬂuenced the substrate-
caused conformational changes. The previous SAXS data with
wild-type PGK demonstrated that both substrates together
cause the largest change in the enzyme conformation, by
inducing domain closure [7]. Here we carried out measure-
ments with most of the hinge-region mutants and the results
are summarised in Table 2. Only the S398A mutant undergoes
complete domain closure upon binding of both substrates, sim-
ilar to the wild-type hPGK. This ﬁnding correlates well with
the native-like kinetic properties of S398A mutant (Table 1).
For all other mutants (except T393del) an intermediate situa-
tion, partial domain closure can be deduced from the analysis
of the SAXS scattering curves (Table 2) and this coincides with
the partial catalytic activities of these mutants, indicating that
neither of the corresponding side-chains is responsible alone
for functioning of the molecular hinge at bL. The results with
the mutant T393del clearly suggest the absence of the occur-
rence of domain closure, in agreement with its highly reduced
catalytic activity.
3.4. General conclusions
It is not yet decided whether occurrence of domain closure
obeys to the ligand driven model [19] or this conformational
transition can occur even in the absence of substrates [2]. We
have no experimental data for the occurrence of the conforma-
tional transition of PGK in the absence of substrates. Molec-
ular dynamic simulations, however, indicates the occurrence
of domain motion at the time scale of nanoseconds even for
the substrate-free enzyme [20]. Our results with hPGK are en-
tirely consistent with the assistance of substrates (especially, 3-
PG) in contributing domain movement during the catalytic cy-
cle.
A further conclusion is that the cumulative eﬀects of multi-
ple interactions of the side-chains in the hinge-region, ratherthan individual residues are likely to be responsible for the eﬃ-
cient mechanism of ligand-induced domain movement.
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